Genetic evidence indicates that apolipoprotein E4 (apoE4) is a risk factor for the development of Alzheimer's disease. A controversial hypothesis proposes that apoE, a typical secretory protein, accesses the neuronal cytosol in which apoE3, but not apoE4, protects tau from hyperphosphorylation. However, no conclusive evidence for the presence of apoE in the cytosolic compartment has been presented. We designed a novel assay to test whether apoE can access the cytosol via escape from the endocytic pathway by incorporating a nuclear localization signal (NLS) into apoE. Control experiments demonstrated that apoE plus NLS (apoEϩNLS) is chaperoned to the nucleus if it reaches the cytosolic compartment. When exogenous apoEϩNLS was endocytosed by neuronal cells, no nuclear apoE was detected, indicating that apoE remains within the endocytic pathway and does not escape into the cytosol. Furthermore, we show that direct cytosolic expression of apoE is cytotoxic. These data argue that effects of apoE on the neuronal cytoskeleton and on neurite outgrowth are not mediated via cytosolic interactions but rather by actions originating at the cell surface.
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Key words: Alzheimer's disease; apoE; cytosolic; cytotoxic; endocytosis; microtubules; nuclear localization assay; tau Apolipoprotein E (apoE) is a secretory protein that plays a major role in cholesterol homeostasis in the plasma (Weisgraber, 1994) . ApoE is an atypical apolipoprotein in that it is produced by many extrahepatic tissues (Blue et al., 1983) , most notably the brain (Elshourbagy et al., 1985; Newman et al., 1985; Williams et al., 1985; Rea et al., 1993) in which it is secreted by astrocytes and microglial cells (Boyles et al., 1985; Pitas et al., 1987a; Nakai et al., 1996; Stone et al., 1997) . The finding that apoE secretion increases in response to nerve damage (Dawson et al., 1986; Ignatius et al., 1986; Snipes et al., 1986; Boyles et al., 1990 ) has led to proposals that apoE plays a role in neuronal repair and remodeling.
There are three common isoforms of apoE arising from single amino acid interchanges at positions 112 and 158 (Z annis et al., 1982) . Recently, the ⑀4 allele of apoE has been identified as a risk factor for the development of late-onset familial and sporadic Alzheimer's disease (AD) (Rebeck et al., 1993; Strittmatter et al., 1993a Strittmatter et al., , 1994b Goedert et al., 1994) . The biochemical basis for this correlation is unknown. The pathologies of AD manifest in two very different locales; amylidosis is an extracellular event, whereas neurofibrillary tangles are initiated intracellularly (Mirra et al., 1991) . In vitro experiments demonstrate that apoE interacts isoform-specifically with the primary constituents of each of these pathologies. Several groups have shown isoform-specific binding of the amyloid ␤ peptide to apoE (Strittmatter et al., 1993a,b; LaDu et al., 1994 LaDu et al., , 1995 . Strittmatter et al. (1994a) have shown in vitro that apoE3 binds tightly to the microtubule-stabilizing protein tau, whereas apoE4 does not. Additionally, apoE3, but not apoE4, can stimulate neurite outgrowth in a variety of culture systems (Nathan et al., 1994 Holtzman et al., 1995; DeMattos et al., 1998; Sun et al., 1998) .
A model was proposed that links the apoE isoform-specific observations to the development of AD (Strittmatter et al., 1994b) . This model requires that apoE3 access the cytosol to bind to tau and shield it from hyperphosphorylation, thereby preventing the development of neurofibrillary tangles. Supporting data consists of the apoE-tau interactions noted above and immunocytochemical findings in neurons from brain tissue and neuronal cells in culture (Han et al., 1994; Strittmatter et al., 1994b; Nathan et al., 1995; Metzger et al., 1996) . These studies show intracellular apoE but fail to discriminate between apoE that is cytosolic as opposed to apoE within vesicles of the endosomal-lysosomal pathway.
In the present study, we developed a novel assay to determine the location of apoE within neuronal cells by using the nuclear localization pathway to distinguish between apoE that is enclosed by membranes (endosomal-lysosomal) or truly cytosolic. This protein sorting system has only two requirements: first, the protein that is to be transported to the nucleus must contain a recognizable nuclear localization signal (NLS), and second, the protein must be in the cytosol (Roberts et al., 1987; Dingwall and Laskey, 1991; Silver, 1991; Weis et al., 1995) . We constructed expression vectors for wild-type apoE and apoE that has an NLS at the C terminus (apoEϩNLS). Neuro-2a neuroblastoma cells (which do not make apoE but do show an apoE isoform-specific stimulation of neurite outgrowth by exogenous apoE) were incubated with apoE or apoEϩN L S, and the subsequent intracellular localization was monitored. If apoEϩN L S escapes from the endosomal -lysosomal pathway into the cytosol, apoE will be chaperoned to the nucleus, a subcellular compartment that is easily distinguished from other organelles. Our results show that little or no apoE reaches the cytosol, despite the active endocytic uptake of apoE into the cell. Furthermore, direct expression of apoE in the cytosol was shown to be cytotoxic. These findings argue against the hypothesis that apoE3 interacts directly with tau in the cytosol of neuronal cells.
MATERIALS AND METHODS
T he establishment and characterization of an apoE e xpression vector series. Construction of expression vectors for wild-type and modified forms of apoE was accomplished by standard molecular cloning techniques. The four vectors shown in Table 1 were made using an apoE-specific PCR protocol, followed by replacement subcloning into the vectors pC1E3 and pC1E4 (DeMattos et al., 1998) . The signal peptide (SP) bypass forms of apoE were made with an upstream primer homologous to the apoE coding region for amino acids 25-30. This primer also incorporated a start codon that conforms to the Kozak consensus sequence (Kozak, 1986) . A nuclear localization sequence of tandem PKKKRKV residues separated by three uncharged amino acids (GVG) was incorporated into the C -terminal end of apoE at amino acid 317 by the same technique (PCR).
Production and maintenance of stable apoE Neuro-2a cell lines. Neuro-2a cells were maintained in a 37°C humidified 95% air-5%C O 2 incubator in medium A [DM EM / F-12 (1:1) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Atlanta Biologicals), 4 mM glutamine, 100 U/ml penicillin, 100 U/ml streptomycin sulfate, and 0.25 g /ml amphotericin B]. Neuro-2a cells were plated at 1.0 ϫ 10 6 cells in 10 ml of medium A per 10 cm dish and were transfected with 20 g of plasmid using a standard calcium phosphate precipitation protocol (Chen and Okayama, 1987) . Stable integrants were selected and maintained in medium B [medium A plus 350 g /ml G418 (Life Technologies, Gaithersburg, MD)]. Northern blot analysis was conducted as described previously (DeMattos et al., 1998) .
Western blotting anal ysis. C ells were plated at 1.0 ϫ 10 7 cells in 10 ml of medium A per 10 cm dish, incubated overnight at 37°C, washed twice with medium A, and incubated for an additional 24 hr in 10 ml of fresh medium A. Conditioned medium was removed, and cells were washed two times with PBS and solubilized in 0.5 ml of 2% SDS in PBS for total protein determination. Conditioned medium and cell lysates (100 g) were run on a 10% polyacrylamide -SDS gel, electrophoretically transferred to nitrocellulose, and blocked for 1 hr at room temperature in TBS (20 mM Tris-HC l, pH 7.4, and 150 mM NaC l) containing 7% nonfat milk and 0.05% T ween 20. The blocked membrane was incubated with affinity-purified polyclonal goat anti-human apoE antibody (BioDesign International, Kennebunk, M E) at 2 g /ml overnight at room temperature in TBS containing 1% nonfat milk and 0.2% T ween 20. The membrane was washed three times with TBS containing 0.05% T ween 20 and incubated with a horseradish peroxidase-conjugated anti-goat IgG (Sigma, St. L ouis, MO) for 1 hr at room temperature in TBS containing 1% nonfat milk and 0.05% T ween 20. Bands were visualized by enhanced chemiluminescence (Amersham, Arlington Heights, IL).
Stable transfection efficienc y assay. Stable transfection efficiencies were determined by transfecting 1.0 ϫ 10 6 Neuro-2a cells in 10 cm dishes with 20 g of plasmid coding for either secreted apoE or intracellular apoE. Stable integrants were selected for 9 -12 d with 350 g /ml G418 (Life Technologies). Plates were washed three times with PBS, and the cells were fixed with 2.5% glutaraldehyde, permeabilized with 1% Triton X-100, and stained with ethidium bromide. Images were collected with a UV transilluminator with a video camera attachment (Ultra-Violet Products, Upland, CA) and were saved as tagged image file format files. The number of cell colonies per image was determined with the UTHSC SA Image Tool program (developed at the University of Texas Health Science C enter at San Antonio, Texas and available from the internet by anonymous file transfer protocol from ftp:maxrad6.uthscsa.edu) The experiment was repeated with three different plasmid preparations.
ApoE immunoc ytochemistr y. Neuro-2a stable cell lines and transiently transfected cells were analyzed for apoE immunocytochemistry as described previously (DeMattos et al., 1998) . Nuclei isolated as described below were fixed with 3% paraformaldehyde -PBS and 0.1% glutaraldehyde for 15 min on ice. The nuclei were permeabilized with 0.5% Triton X-100 -PBS (PBST) for 15 min on ice, and residual glutaraldehyde was quenched with 50 mM ammonium chloride in PBST. Nuclei were incubated with an affinity-purified polyclonal goat anti-human apoE antibody (BioDesign International) at 2 g /ml in PBST containing 1% FBS for 1 hr at 37°C. The nuclei were washed three times with PBST and incubated with a rhodamine-conjugated donkey anti-goat IgG antibody (Jackson ImmunoResearch, West Grove, PA) at 1:2000 in PBST containing 1% FBS for 1 hr at 37°C. Nuclei were washed three times with PBST, mounted in SlowFade (Molecular Probes, Eugene, OR), and analyzed with a Bio-Rad (Hercules, CA) MR-600 scanning confocal system mounted on a Nikon (Tokyo, Japan) Diaphot inverted microscope. The intracellular localization of apoE3 or apoE3ϩN L S lipoproteins was determined by incubating Neuro-2a cells with apoE disks (2.5 g /ml for apoE3 or 250 ng /ml for apoE3ϩN L S) for 4 hr at 37°C. The cells were then processed as stated above.
Transient Neuro-2a transfections. Transient apoE expression for Western blot analysis was accomplished by transfecting 1.0 ϫ 10 6 cells per 10 cm dish with 20 g of plasmid and analyzing the cells after 12 hr for apoE expression. Neuro-2a cells were plated onto 18 mm glass circle coverslips in 12-well tissue culture plates at a density of 8.0 ϫ 10 4 cells per well and were subsequently transfected with 1 g of plasmid. After 12 hr of expression, the cells were analyzed by apoE immunocytochemistry.
ApoE and apoEϩNLS isolation and association with lipids. Neuro-2a cells secreting either apoE or apoEϩN L S were grown to confluence in T175 flasks. Serum free media (DM EM / F-12, 1:1) was conditioned for 24 hr for either cell line. The conditioned media was passed through a D100 weakly basic anion exchange filter (Satorius) and apoE eluted with 1 M ammonium bicarbonate. The eluted apoE was diluted 10-fold with sterile distilled water and recirculated over HiTrap heparin columns (Pharmacia, Piscataway, NJ). The heparin-bound apoE or apoEϩNLS was eluted with 1 M ammonium bicarbonate. Fractions containing apoE were pooled and dialyzed against PBS (this fraction is referred to as lipid-poor apoE). ApoE dimyristoyl-phosphatidylcholine (Sigma) disks were prepared as described previously (Innerarity et al., 1979) . ApoE-␤ very low-density lipoprotein (␤V LDL) was prepared by incubating concentrated media from either cell line with plasma from apoE knock-out mice for 2.5 hr at 4°C. The apoE-␤V LDL lipoproteins were then isolated by ultracentrif ugation. Mouse ␤V LDL from apoE knock-out mice was prepared by standard methods (Kelly and Kruski, 1986) .
T he nuclear localization assay. Neuro-2a cells were plated at 1.0 ϫ 10 6 cells per 60 mm dish in complete medium (DM EM / F-12, 1:1, plus 10% FBS). After 24 hr, the medium was changed to N2 medium [DM EM / F-12, 1:1, plus N2 growth supplements (Life Technologies) (Bottenstein and Sato, 1979) ], and the cells were incubated at 37°C for an additional 16 hr. The medium was changed to N2 medium alone or N2 medium containing either apoE3 or apoE3ϩN L S lipoproteins, and the cells were incubated at 37°C for 4 hr. Each experimental condition was run in duplicate. At the conclusion of the assay, the media was removed and saved for apoE ELISA determination. The dishes were washed three times with prewarmed PBS (37°C) and trypsinized for 2 min (to remove extracellularly bound apoE). The cells were transferred to 1.5 ml tubes on ice, and the trypsin was neutralized with chilled complete medium. C ells were washed twice with complete medium and then twice with ice-cold buffer A (10 mM Tris-HC l, pH 7.4, 3 mM CaCl 2 , 2 mM MgC l 2 , and 0.1 g /ml PMSF). C ytoplasmic extracts were isolated by incubating the cells on ice in buffer A plus 0.5% N P-40 (Particle Data Group, Berkeley, CA) for 5 min with occasional pipetting up and down with a large bore pipette. The extracts were spun for 2 min at 2000 rpm in a microcentrif uge, and the supernatant was transferred to a fresh tube on ice (cytoplasmic fraction). The nuclei in the pellet were washed twice with buffer A plus 0.5% N P-40. The nuclei were fractured by sonication in buffer A plus 0.5% N P-40. The protein concentration was determined (L owry et al., 1951) for the cytoplasmic fractions, and an ELISA was performed to measure apoE concentration in both the cytoplasmic and nuclear fractions (DeMattos et al., 1998) .
RESULTS

The nuclear localization assay
The inherent limitations of immunocytochemical studies make it difficult to discern whether apoE observed in neurons is membrane-enclosed within the endosomal -lysosomal pathway or actually free in the cytosol. The nuclear localization assay allows us to characterize the intracellular location of apoE by using an active pathway that can only sort ligands to the nucleus if they are present in the cytosol. We constructed expression plasmids coding for wild-type apoE and for apoEϩN L S by PCR. Wild-type apoE3 and apoE3ϩN L S proteins were secreted by cells, isolated from culture medium, and added to neuronal cells for subsequent localization studies. The site in which an N L S is incorporated into a protein may effect its recognition. An N L S can f unction in a variety of sites within a protein, yet in some locations it may be masked (Roberts et al., 1987) . T wo additional plasmids were created as controls to verify that the N L S incorporated into apoE would be recognized if the protein were in the cytosol. The first control plasmid produces apoE without the signal peptide and generates cytosolic apoE (apoEϪSP) when expressed in cells. The second control plasmid also lacks a signal peptide but has a C -terminal NLS (apoEϩNLSϪSP). Messenger RNA from this plasmid will be translated in the cytosol on free ribosomes, and if the incorporated NLS is recognizable, the newly made protein will be chaperoned to the nucleus. Table 1 shows the expected cellular locations of the proteins from each of these plasmids when they are expressed in mammalian cells. The signal peptide bypass apoE is an ideal control to visualize what a cytosolic distribution of apoE should look like by immunocytochemistry.
Cytosolic apoE is toxic
Neuro-2a cells were transfected with the plasmids listed in Table  1 and selected for resistance to G418. The neomycin resistance gene is present in each of the plasmids. Three clonal cell lines for each plasmid were screened for apoE expression. Northern blot analysis of apoE3 mRNA ( Fig. 1) and Western blot analysis (Fig.  2) confirmed that wild-type apoE3 and apoE3ϩNLS were expressed and that the proteins accumulated in the culture medium. We did not detect any apoE expression for either of the signal peptide bypass plasmids (apoEϪSP or apoEϩNLSϪSP) by Northern or Western blot (Figs. 1, 2) . We also observed a tremendous disparity between the number of G418 resistant clones for the secreted apoE3 plasmids versus the signal peptide bypass apoE3 plasmids (secreted plasmids ϾϾϾ cytosolic plasmids). We hypothesized that the lack of expression and low clone yields was caused by a toxic effect of cytosolic apoE during the initial G418 selection period. To determine whether cytosolic apoE is cytotoxic, we measured the stable transfection efficiency for secreted apoE3 versus cytosolic apoE3 (apoE3ϪSP). Neuro-2a cells were transfected with plasmids coding either secreted apoE3 or cytosolic apoE3, and we counted the cell colonies present after a 9 -12 d selection period. Figure 3 shows that transfection efficiency was drastically reduced with the plasmids expressing cytosolic apoE3 relative to transfections with the plasmids expressing secreted apoE3. In three separate transfection experiments, secreted apoE3 had an average of 412 colonies as opposed to 14 colonies for the cytosolic apoE3. We demonstrated that the differences in transfection efficiency were not a reflection of DNA quality by performing the experiments with DNA from three separate plasmid isolations. Additionally, we did not detect intracellular apoE expression in cell lysates made from a pool of colonies stably transfected with the plasmid expressing apoE3 without the signal peptide. These data indicate that cytosolic apoE is toxic in Neuro-2a cells. The mechanism and threshold of the apoE cytosolic toxicity are unknown.
Analysis of cytosolic apoE in transient transfection assays
Expression of the signal peptide bypass plasmids was necessary to verify that the incorporated NLS is recognized if apoE enters the cytosolic compartment. Because stable expression of cytosolic apoE is toxic, we switched to a transient transfection assay to allow us to test for cytosolic apoE before it kills the cells. Neuro-2a cells transfected with plasmids coding for apoE3, apoE3ϪSP, or apoE3ϩNLSϪSP were analyzed by an apoE Western blot 12 hr after transfection (Fig. 4 ). An apoEimmunoreactive band was detected in cytoplasmic extracts of cells transiently expressing each of the apoE plasmids, thereby proving that apoE is expressed before cell death. We next analyzed the subcellular apoE distribution in transiently transfected cells by immunostaining. Neuro-2a cells expressing secreted Control plates lacked the addition of plasmid DNA during the transfection protocol. Stable integrants were selected for 9 -12 d with 350 g/ml G418. The cells were then fixed in 2.5% glutaraldehyde, permeabilized with 1% Triton X-100, and stained with ethidium bromide. C ell colonies were visualized with a UV transilluminator, and images were captured with a video camera attachment. The number of transfectants per plate (each colony represents a single transfectant) is shown in the bottom right corner of each panel. The assay was repeated three times with three different plasmid preparations. apoE3 had a very intense punctate staining pattern that was characteristic of membrane-bound vesicles (Fig. 5A) . Cells expressing the cytosolic apoE3 (apoEϪSP) displayed a very diffuse staining pattern throughout the cell (Fig. 5B) . The diffuse cytosolic apoE staining is easily differentiated from the punctate staining of vesicular apoE (Fig. 5, compare A, B) . Nuclei of cells expressing either secreted or cytosolic apoE3 showed no apoE staining. E xpression of apoE3ϩNLSϪSP resulted in light apoE staining within the cytosol and a very intense apoE signal in the nucleus (Fig. 5C ). The nuclear localization of apoE indicated that the NL S was recognized in the cytosol. To confirm these results, nuclei were isolated from Neuro-2a cells transiently transfected with the same plasmids as above and were analyzed by apoE immunocytochemistry (Fig. 6) . Although there was a similar number of nuclei present per image, apoE-immunoreactive nuclei were only present in Neuro-2a cells that had been transiently transfected with apoE3ϩNLSϪSP. A high-magnification view of an immunoreactive nucleus shows that apoE completely fills the nuclear space (except the presumed nucleolus). The intracellular location of apoE in transiently transfected cells was verified by apoE ELISA (data not shown). These experiments demonstrate that the cytosolic nuclear localization machinery recognizes the NLS incorporated into apoE3. If apoE3ϩN L S escapes from the endocytic pathway into the cytosol of the cell, it will accumulate in the nucleus.
ApoE and apoE؉NLS intracellular localization
We next tested whether apoE3 or apoE3ϩNLS is endocytosed when added to cells. ApoE3 and apoE3ϩNLS were isolated by a combination of anion exchange and heparin affinity chromatography from conditioned media of transfected Neuro-2a cells. ApoE3 isolated from these cell cultures was shown previously to be poorly lipidated (DeMattos et al., 1998) . We prepared particles that could be endocytosed by increasing the lipidation of apoE. Lipid-poor apoE3 or apoE3ϩNLS were incubated with dimyristoyl-phosphatidylcholine, and the resulting disciodal particles were isolated by density-gradient ultracentrifugation. Neuro-2a cells were incubated with either apoE3 or apoE3ϩNLS disks for 4 hr and analyzed by apoE immunocytochemistry. Both apoE3 and apoE3ϩNLS were readily endocytosed and were localized to a perinuclear compartment that is presumably neural lysosomes (Fig. 7) (Ignatius et al., 1987) . The punctate apoE fluorescence pattern in these cells is quite different from the diffuse cytosolic pattern seen in Figure 5B . Western blot analysis of cell lysates from Neuro-2a cells incubated with either apoE3 or were also treated with a mock transfection (no plasmid). ApoE localization was detected with an affinity-purified polyclonal goat anti-human apoE antibody and a rhodamine-conjugated secondary antibody. All images were collected by confocal microscopy with a 60ϫ oil immersion lens. Scale bars, 10 m. apoE3ϩN L S disks showed an equivalent accumulation of fulllength apoE3 and apoE3ϩN L S (data not shown).
Endocytosed apoE does not escape into the cytosol
Parental Neuro-2a cells were incubated in the presence of varying concentrations of apoE3 lipoproteins for 4 hr. After washing the cells and removing cell surface apoE by trypsin digestion, the cells were fractionated into cytoplasmic (all intracellular constituents except nuclei) and nuclear fractions. A sensitive ELISA was used to determine the apoE content of each fraction. The cytoplasmic fraction contained membrane-bound apoE (endosomallysosomal), whereas the nuclear fraction contained any apoE that escaped to the cytosol.
To ensure the repeatability of the nuclear localization assay, we performed two identical experiments on separate days with two independent apoE particle preparations (Table 2 , experiments A, B). Neuro-2a cells in duplicate plates were incubated for 4 hr with either apoE3 or apoE3ϩNLS disks at a concentration of 10 g/ml and were processed as described above. In both experi- Figure 6 . Immunocytochemical analysis of nuclei isolated from Neuro-2a cells transiently expressing apoE plasmids. Neuro-2a cells were transfected with apoE3, apoE3-SP, or apoEϩN L S-SP plasmids, and nuclei were isolated after 12 hr of expression. Nuclei were processed for apoE immunoreactivity as described in Materials and Methods. There are several hundred nuclei present in each of the three panels, yet only those nuclei that contain apoE are illuminated. Inset shows a high-magnification view of one of the apoE-positive nuclei isolated from Neuro-2a cells transiently expressing apoE3ϩN L S. The images were collected by confocal microscopy with a 20ϫ objective. Scale bars, 50 m. Inset was collected with a 60ϫ oil immersion lens. Scale bar (in inset), 5 m. Figure 7 . Immunocytochemical localization of endocytosed apoE disks. ApoE3 and apoE3ϩN L S were isolated from conditioned media and recombined with dimyristoyl-phosphatidylcholine to form lipoprotein disks. Neuro-2a cells were incubated with lipoprotein disks for 4 hr, and the endocytosed apoE was identified by immunocytochemistry. Control cells lacked the addition of the apoE lipoproteins. ApoE localization was detected with an affinity-purified polyclonal goat anti-human apoE antibody and a rhodamine-conjugated secondary antibody. The endocytosed apoE appears to be highly localized within membrane vesicles in a perinuclear compartment that may be indicative of neuronal lysosomes (arrows). All images were collected by confocal microscopy with a 60ϫ oil immersion lens. Scale bars, 20 m.
ments, similar levels of apoE3 and apoE3ϩN L S were found in cytoplasmic extracts. There was minimal variation in endocytosis of apoE between particle preparations. No nuclear apoE was detected in either experiment, thereby indicating that no detectable apoE escaped the endocytic pathway. We analyzed the culture medium after the 4 hr incubation to determine the degree of apoE clearance. We observed substantial clearance of apoE3 and apoE3ϩN L S during the incubation period (an average of 42% of total apoE added was cleared). The clearance value (42%) is the sum of degraded apoE, extracellularly associated apoE, and apoE detected in the cell. Neuro-2a cells have been shown to have the capacity to degrade large quantities of lipoproteins during short incubation periods Ji et al., 1998) .
We next tested whether increasing particle uptake would result in cytosolic apoE. Neuro-2a cells were incubated with 25 g/ml apoE3 or apoE3ϩN L S disks, and the subcellular location of the endocytosed apoE was determined (Table 2, experiment C). Although there was a fivefold increase in the amount of apoE found within the cytoplasmic extracts, nuclear apoE was not detected. Because lipoprotein uptake has been reported to be enhanced by the addition of lipid-free apoE (Ji et al., 1998) , Neuro-2a cells were incubated with apoE3 or apoE3ϩNLS disks supplemented with 10 g/ml lipid-poor apoE3 or apoE3ϩNLS, respectively (Table 2, experiment D). Although there was an increase in the percent of apoE cleared from the culture media (from 42 to 62%), the levels of endosomal -lysosomal apoE were unchanged, and no nuclear apoE was detected.
We next asked whether the use of different endocytic pathways could result in the escape of apoE to the cytosol. Because lipoprotein size has been shown to be a determining factor for receptor specificity (Tabas et al., 1991) , we incorporated apoE3 and apoE3ϩN L S into large ␤VLDL from apoE knock-out mice. The particles were prepared by incubating lipid-poor apoE3 or apoE3ϩN L S with plasma from apoE knock-out mice and subsequently isolating the apoE3-␤V LDL or apoE3ϩNLS-␤VLDL by ultracentrif ugation ( Ͻ 1.006). The purified particles were then used in our standard 4 hr nuclear localization assay at a concentration of 10 g/ml (apoE). ApoE3-␤V LDL and apoE3ϩNLS-␤VLDL accumulated in the intracellular vesicles to a lesser extent than the apoE disks ( Table 2 , experiment E) and were absent from the nuclear compartment. We observed similar results when lipid-poor apoE was simply added to cells along with apoE knock-out mouse ␤VLDL (Table 2, experiment F). In this case, there was a very high level of apoE clearance from the culture medium (82% of total apoE). The results presented in Table 2 indicate that intracellular apoE is not localized to the cytosol but is retained within the membrane vesicles of the endosomal-lysosomal pathway.
DISCUSSION
Determining the validity of the cytosolic apoE hypothesis is critical for evaluating the physiological significance of apoE-tau interactions and understanding the risk factor association of apoE and Alzheimer's disease (Strittmatter et al., 1994b) . We designed a novel nuclear localization assay to test whether apoE can access the cytosol via the endocytic pathway. During initial characterization of Neuro-2a stable cell lines, we discovered that direct apoE expression in the cytosol might be cytotoxic. Cytosolic apoE toxicity was confirmed when stable transfection efficiency experiments revealed that there were 30-fold fewer colonies for cytosolic apoE3 compared with secreted apoE3. This finding was further substantiated by the detection of cytosolic apoE in cells transiently expressing the signal peptide bypass plasmids. The discovery of the apoE3 cytosolic toxicity diminishes the possibility that apoE3 would be protective in the cytosol. However, the threshold concentration for cytosolic apoE toxicity is unknown.
We used transient transfection and expression of the signal peptide bypass plasmids to verify that the cell recognizes the NLS in apoE. Immunocytochemical results demonstrate that the incorporated NLS was recognized, because the apoE3ϩNLS was actively chaperoned to the nuclei of Neuro-2a cells. Additionally, we showed that the diffuse cytosolic staining pattern of apoE3ϪSP was easily differentiated from that of the vesiclebound apoE3. ApoE immunocytochemical studies in human brain sections showed apoE immunoreactivity within a population of neural cells (Han et al., 1994; Metzger et al., 1996) . Although the authors speculate that this immunoreactivity represents a cytosolic localization, the actual data are inconclusive. This reactivity may be caused by the accumulation of apoE within neural endosomes and lysosomes because neurons express many receptors that bind apoE containing lipoproteins (Pitas et al., 1987b; Schneider et al., 1997) . The question that was not addressed was whether any of this intracellular apoE was cytosolic. The most compelling evidence to support the apoE cytosolic hypothesis is an immunofluorescence study showing the colocalization of endocytosed apoE and tau (Lovestone et al., 1996) . COS-7 cells transiently over-expressing human LDL receptor and tau were incubated with either apoE3 or apoE4 CSF lipoproteins and were analyzed by immunocytochemistry. The results show that a substantial fraction of the intracellular apoE3 colocalizes with the over-expressed tau (therefore speculated to be cytosolic), whereas apoE4 does not. What is not clear in this study is whether this colocalization is caused by the massive accumulation of apoE3-bearing vesicles in close proximity to the microtubular arrays. A recent report (Ji et al., 1998) emphasizes the possibility that colocalization is an artifact. ApoE3 accumulates intracellularly to a greater extent than apoE4 in several different cell lines. The over expression of the LDL receptor in C OS-7 cells may have exaggerated this difference and led to the massive accumulation of apoE3 vesicles, making the immunofluorescence colocalization difficult to interpret. It is interesting to note that the diffuse immunofluorescence pattern observed with direct expression of apoE in the cytosol (Fig. 4 B) is very different from the punctate staining that has been interpreted as cytosolic apoE in numerous studies (Han et al., 1994; Strittmatter et al., 1994b; Nathan et al., 1995; Ji et al., 1998) . Our sensitive nuclear localization assay demonstrates that apoE does not appear to escape the endocytic pathway at a detectable level in a neuroblastoma cell line. This assay quantitatively measures the subcellular localization of endocytosed apoE and apoEϩN L S. A murine neuroblastoma cell line (Neuro2a) was used for these experiments because our group and others have shown previously that the Neuro-2a cells exhibit apoE isoform-specific differences in neurite outgrowth Nathan et al., 1995; DeMattos et al., 1998) . We showed immunocytochemically and by ELISA that an equivalent amount of apoE3 and apoE3ϩN L S disks were endocytosed. Neuro-2a cells were incubated with either apoE3 or apoE3ϩN LS disks, and the resulting intracellular localization of the endocytosed apoE was determined by ELISA. The endocytic values do not include cell surface-bound apoE (this fraction was removed by trypsin digestion before subcellular fractionation). In every experiment performed, we detected similar levels of apoE3 or apoE3ϩN L S in the fraction containing endosomes and lysosomes, yet we were unable to detect any apoE3ϩNLS in the nuclear fractions (Table 2 ). The same result was attained whether we added a higher concentration of apoE disks to the culture medium or supplemented the disks with lipid-poor apoE. The levels of intracellular apoE are comparable to those reported previously for uptake by Neuro-2a cells (Ji et al., 1998) . These experiments demonstrate that, to the level of our detection, endocytosed apoE remains within the vesicle-bound intracellular pathways and does not escape into the cytosolic compartment.
The sensitivity of the nuclear localization assay is determined by two factors: the overall amount of apoE endocytosed and the sensitivity of detection of apoE within the nuclear fraction. The ELISA can readily detect 5 ng of apoE /mg of cell protein. Based on these considerations, the sensitivity for detecting apoE in the nuclear fraction can be assessed in two ways. In the first, the detection limit can be compared with the steady-state level of apoE within the cell. For example, in Table 2 , experiments A, B, C, and D, the assay could have detected 3.5, 3.5, 0.7, and 3%, respectively, of the steady-state apoE within the cell. By this measurement, if as little as 0.7% of the apoE within the endocytic pathway had escaped to the cytosol (experiment C), it could have been detected in the nuclear fraction. The sensitivity would have been less in experiments E and F because of the lower levels of cellular apoE.
In the second, the detection limit can be compared with the amount of apoE cleared from the medium, which is a reflection of the cumulative amount of apoE processed by the endocytic pathway during the assay. Because our assay procedure removed cell surface and extracellular matrix apoE by trypsin treatment, the values for apoE clearance from the medium must be corrected for these factors. Using the very conservative estimate that only 15% of the cleared apoE was processed and degraded by the endosomal-lysosomal pathway in the 4 hr assay with Neuro-2a cells , Ji et al., 1998 , the nuclear localization assay could have detected 0.7, 0.7, and 0.25% of the apoE processed by the endocytic pathway in experiments A, B, and D, respectively (Table 2 ). These results indicate that Ͼ99.5% (if not all) of the intracellular apoE is retained within the membrane-bound compartments of the endosomal-lysosomal pathways and does not escape to the cytosolic compartment.
Our final experiments indicate that, regardless of the endocytic receptor system targeted, apoE does not escape into the cytosol. Preliminary Western blot studies indicate that Neuro-2a cells express the low-density lipoprotein receptor, the very low-density lipoprotein receptor, and the low-density lipoprotein receptorrelated protein (R. B. DeMattos, D. K. Strickland, and D. L. Williams, unpublished observations); further studies will determine whether Neuro-2a cells express other members of the LDL receptor super family. We performed nuclear localization experiments with apoE3 or apoE3ϩNLS that were associated with ␤VLDL from apoE knockout mice. Literature reports highlight the importance of particle size and composition for determining the apoE receptor specificity. The apolipoprotein E receptor 2 (a predominately brain-specific receptor) has been shown to have a higher affinity for apoE-␤VLDL as opposed to the smaller VLDL or LDL particles (Kim et al., 1996) . Additionally, the LDL receptor-related protein was demonstrated to have a higher binding affinity for ␤VLDL in the presence of exogenously added lipid-free apoE (Kowal et al., 1989 (Kowal et al., , 1990 . Both ␤VLDL experiments shown in Table 2 indicate that a lower steady-state level of intracellular apoE was attained by the conclusion of the 4 hr assay, yet the amount of total apoE cleared from the media was enhanced (82%) compared with the apoE disk experiments. These results suggest that a different receptor pathway processed the larger apoE-␤VLDL particles. We were unable to detect any apoE3ϩNLS in the nuclear fractions in either of these assays, indicating that intracellular apoE remained in vesicles and was not accessible to the nuclear localization machinery.
Our results demonstrate that the vast majority of endocytosed apoE does not gain access to the cytosolic compartment of Neuro-2a cells. It is important to note that the Neuro-2a cells have been shown by two independent groups to develop apoE isoform-specific neurite outgrowth differences under the same culture conditions as in this study. These results indicate that the isoform-specific stimulation of neurite outgrowth is unlikely to be caused by apoE in the cytosol. More likely, apoE alters neurite outgrowth via an unknown isoform-specific mechanism originating at the cell surface. Possible mechanisms could be receptormediated signaling cascades or an apoE-dependent cell matrix adhesion event. There is suggestive evidence for each of these possibilities in the literature (Misra et al., 1994; Hjalm et al., 1996; Park and Wright, 1996; Huang et al., 1995) .
